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Introduction
[2] Gravity wave forcing has been an intense research topic in the field of aeronomy since 1960 when Hines [1960] established that gravity waves were responsible for ionospheric disturbances. Gravity waves are important because they can transport energy and momentum to higher altitudes, deposit energy and momentum through wave-mean flow interactions, alter gas concentration distributions by the combined effects of vertical transport of species and chemistry, and induce exothermic heating variations. They play an important role in the dynamics and energy budget in the mesosphere and lower thermosphere (MLT) region. It has long been recognized that gravity wave effects in the MLT region are significant. Therefore, it is important that we understand gravity waves and their effects on our atmosphere.
[3] In addition to gravity waves, the airglow in the MLT region is another important research topic in our scientific community. It is important because variations in airglow brightness can oftentimes be used to deduce characteristics of gravity waves or other types of waves that cause the variations. Observations of airglow brightness have shown that gravity waves are a ubiquitous feature in the upper atmosphere. The presence of wave-like patterns in the airglow imagery, a manifestation of wave modulation of the underlying minor species' densities involved in the airglow chemistry, arises from the coupling of wave dynamics and chemistry in that region. Gravity waves can also manifest themselves in the ionosphere as fluctuations in electron density (so-called traveling ionospheric disturbances), and in the upper mesosphere they can also lead to structure observed in noctilucent clouds. Furthermore, a transient and dissipative wave packet propagating through an airglow layer can lead to a secular change in the airglow brightness [Hickey and Walterscheid, 2001; Huang and Hickey, 2008] .
[4] In recent years, airglow observations and theoretical studies have significantly advanced our understanding of gravity waves and their interactions with the airglow layers [Walterscheid et al., 1987; Hecht and Walterscheid, 1991; Schubert et al., 1991; Taylor et al., 1995; Liu and Swenson, 2003; Huang and Hickey, 2008; Taori et al., 2007] . In particular, a 2-D, time-dependent, OH nightglow chemistrydynamics model developed by Huang and Hickey [Hickey et al., 2003; Hickey, 2007, 2008] is capable of simulating the interaction of a dissipative, transient gravity wave packet with the OH nightglow layer. Importantly, some of the chemical reactions considered in the 2-D OH nightglow chemistry-dynamics model are exothermic, and thus the model also simulates how a gravity wave packet affects the exothermic heating rates in the OH nightglow region [Hickey et al., 2003] . In addition to simulating wave-induced exothermic heating fluctuations [Hickey et al., 2003] , the model can simulate secular variations of minor species [Huang and Hickey, 2007] and secular variations of OH airglow brightness [Huang and Hickey, 2008] . These studies using the 2-D OH nightglow chemistry-dynamics model have shown that a transient dissipating gravity wave packet can induce a significant secular increase in the concentrations of minor species and in the OH airglow brightness. Since heating rates are proportional to the product of gas species' number densities, we can expect the wave packet to have a significant effect on the exothermic heating rates. The studies elucidate the role of a gravity wave packet in the airglow intensity variations and show that the ultimate driver for the increases is the gravity-wave-driven downward transport of O. These time-dependent studies also show rather different gravity wave effects when compared with the results from previous steady state studies.
[5] Chemical heating from exothermic chemical reactions contributes significantly to the energy budget of the MLT region [Kellogg, 1961; Mlynczak and Solomon, 1991] . It was shown that exothermic chemical reactions are the single largest heat source near the mesopause [Mlynczak, 1996] . Gravity waves can affect minor species' concentrations in the region, which will consequently affect the exothermic heating generated from the chemical reactions involving these species. Therefore, studying the wave effects on the exothermic heating rates is important in understanding the role gravity waves play in the thermal budget in this region. Hickey et al. [2003] used the aforementioned model to investigate the wave effects on exothermic heating. Their results show that a 20 min, 30 km (horizontal wavelength of the forcing wave) wave packet could induce a substantial increase in the total exothermic heating rates at a latitude of 82°N. The average wave-induced total exothermic heating rate was found to be $1.8 K d
À1 or a $22% increase. Contrary to the previous steady state model predictions that gravity waves mitigate exothermic heating [Hickey and Walterscheid, 1994; Xu et al., 2000] , the results using the 2-D, time-dependent model indicate that the wave packet overall acts to raise the heating rates, increasing thermal energy in this region. In this study, we use the same 2-D OH chemistry-dynamics model to investigate wave-induced exothermic heating rate variations at 18°S and 18°N and we investigate in detail the respective contribution of each exothermic chemical reaction to the thermal energy budget in this region. The 18°N and 18°S regions were chosen for the simulations because there are relatively more gravity wave and OH airglow observations at low latitudes. A separate paper on airglow simulation results compared with airglow observations is planned for a future study.
[6] The paper is arranged as follows. We discuss exothermic heating reactions in section 2 and present results in section 3. Discussion and conclusions are provided in sections 4 and 5, respectively.
The 2-D OH Nightglow Chemistry-Dynamics Model and Exothermic Heating
[7] The 2-D, time-dependent, nonlinear OH nightglow chemistry-dynamics model consists of a spectral full-wave model (SFWM) and a 2-D, OH nightglow chemistry model. Figure 1 shows the schematic flowchart of the 2-D OH model. The SFWM [Hickey et al., 2000] is used to provide a transient, dissipative, linear gravity wave packet comprising wave periods from 5 min to 40 h, and it solves for and outputs wave-perturbed quantities: u′ (horizontal velocity), w′ (vertical velocity), T′ (temperature), and r′ (major gas density). The wave packet is damped by eddy and molecular diffusions. The wave solution as a function of time and altitude is then input to the two-dimensional nonlinear timedependent OH chemistry model to study the interaction of the gravity wave packet with the chemically reacting species in the OH nightglow region. Flux terms and horizontal advection terms appearing in the minor species' continuity equations are solved with the explicit finite difference LaxWendroff scheme [Burstein, 1967] while P (chemical production), L (chemical loss rate), and the vertical advection terms are solved by an implicit global Newton's method. Minor species are assumed to be in diffusive equilibrium at the upper boundary and remain constant at the lower boundary. Periodic lateral boundary conditions are applied at the lateral boundaries, which are spaced one horizontal wavelength apart. A source height at 10 km altitude above ground is specified to provide the wave forcing. A time step of 3 s is used along with a 0.1 km vertical grid and a 0.5 km lateral grid in the model. The time domain of the simulation is from 120 to 540 min.
[8] A wave packet of a 20 min forcing-wave period and a 30 km horizontal wavelength is simulated with the SFWM. The envelope of the wave packet amplitude grows with altitude until it reaches a maximum value near 105 km altitude after which it starts to decrease. Figure 2 displays the amplitude of the wave packet at 90 km altitude as a function of time. The wave packet forces the major gas species N 2 to oscillate, and at 90 km altitude the maximum amplitude is $1.2% of the N 2 number density occurring at around 320-340 min.
[9] Table 1 lists the reactions considered for the OH(8,3) nightglow chemistry, the enthalpies, the heating rates, and the heating efficiencies for the exothermic reactions. The reaction rates and the enthalpies are the same as those used by Hickey [2007, 2008] and Hickey et al. [2003] , respectively. The references for these quantities can be found therein. Note that reaction R 7 in Table 1 was considered by Hickey et al. [2003] but not listed in their paper. In addition, the ordering of the reactions in their paper is different from the ordering in the later papers that used the same model. The H + O 3 reaction has a heating efficiency of 0.6 (constant with altitude) while all other reactions have unit heating efficiency [ Mlynczak and Solomon, 1993] . Mlynczak and Solomon [1993, Figure 17 ] calculated heating efficiencies for the H + O 3 reaction using four different kinetic models, and the calculated values show a large uncertainty. The 0.6 value is approximately midway between the calculated highest and the lowest heating efficiency limits, and its use is recommended for it minimizes the error in the calculated heating rate.
[10] Six species are considered in the OH nightglow chemistry: O, O 3 , H, HO 2 , OH (v = 0), and OH* (v = 8). Initial number densities of O and H in March at 18°S and 18°N are taken from Garcia and Solomon [1985] and supplied by R. R. Garcia (private communication, 1990 ). Major gas densities of N 2 and O 2 and the temperature profiles are taken from MSIS-90 [Hedin, 1991] . The initial profiles for the rest of the species (O 3 , HO 2 , OH (v = 0), and OH*(v = 8)) are calculated by assuming that they are initially in chemical balance. Therefore, the whole initial background profiles form a self-consistent system.
[11] For a chemical reaction
, where ɛ is heating efficiency, E is enthalpy, R is the reaction rate, and [A] and [B] are concentrations of reactants A and B. We can see that heating rate depends on the gas concentrations of the reactants, the enthalpy, the heating efficiency, and the reaction rate of the exothermic heating reaction. Heating rates Q 1 through Q 7 are listed in Table 1 . Since gravity waves can induce variations in the gas concentrations and temperature-dependent rate coefficients, wave-induced variations in the heating rates are expected. To isolate the wave-induced variations, we first find the average values for the accumulative heating rates, and then subtract the initial wave-free heating rates from the mean values. The mathematical formulation is 
where Q AVG is the average wave-induced heating rate and N is the number of iterations.
Results
[12] In this section, we present the simulation results for two latitudes (18°N and 18°S) using the same gravity wave packet with a forcing wave period of 20 min and a horizontal wavelength of 30 km. The wave source is located in the troposphere, with the resulting wave amplitude growing exponentially and reaching a maximum near 105 km altitude, beyond which the amplitude decreases because of dissipation. Since gravity waves induce variations in the gas species' number densities, we first study how the number densities vary under the influence of the wave packet. We focus on the species (O, O 3 , and OH*) appearing in reactions R 4 and R 6 because these reactions have larger enthalpies than the rest.
[13] Figure 3 shows the secular variations of O, O 3 , and OH* (v = 8) number densities at 90 km altitude as a function of time at 18°S (solid curves) and 18°N (dashed curves): blue for O 3 , black for O, and red for OH*. The secular variations of the number densities are obtained by performing a running average, with the window size equal to the forcing-wave period T = 20 min. This procedure separates the number density variations into two parts: the fluctuating part that oscillates at the forcing-wave period and the secular part that survives this averaging [see Huang and Hickey, 2007] . From Figure 3 , we can identify that strong secular variations occur approximately around the time when the forcing wave amplitude is about to reach the peak value. A steep increase in the secular variations starts at around 300 min and lasts for about 100 min. After that, the variations seem to reach a plateau, with smaller variations occurring until the end of the simulation time. It is interesting to note that the slopes of the number density increase are somewhat similar to the slope of the wave amplitude growth. The small oscillations seen in the secular variations are due to the fact that performing a running average at the forcing-wave period will not remove oscillations occurring at all periods comprising the wave packet. Nevertheless, aside from the small oscillations, these secular variations of the three species show a common feature: a small increase in the beginning followed by a steep increase when the wave amplitude reaches the peak value; then the variations remain comparable for the remainder of the simulation time. Of the three species, O 3 shows the largest secular increase of $50%, followed by O ($42%), and then OH (v = 8) ($29%) at the end of the simulation. These results indicate that the gravity wave packet induces significant secular variations in the gas species' number densities. Since heating rates are proportional to the product of gas species' number densities, we can expect the wave packet to have a significant effect on the exothermic heating rates. Note that the variations at 18°S are smaller than, but similar to, those at 18°N.
[14] To understand how the gravity wave packet affects the exothermic heating rates in the OH nightglow region, we plotted the initial and the final heating rates for each exothermic reaction for 18°S in Figures 4a and 4b , respectively. These heating rates are presented in units of K d À1 , but it should be borne in mind that they only represent the nighttime heating rates since we consider nighttime chemistry. From inspecting Figure 4 , we can see that Q 4 is the major heat contributor and peaks at a much higher altitude than the other heating rates. It has the largest enthalpy (À119. The initial peak height for Q 4 is located at 101 km altitude with a peak value of 5.64 K d À1 , while the final peak height for Q 4 is located near 97 km altitude with a peak value of 6.8 K d
À1 . At a time of 420 min the wave activity has caused Q 4 to increase by 1.16 K d À1 ($21%) and the peak altitude to be displaced downward by 4 km. It is not surprising that Q 4 peaks at a relatively high altitude because it is proportional to the square of the atomic oxygen number density. Previous studies have shown that the gravity wave packet can induce a significant downward flux of O [Hickey and Walterscheid, 2001; Hickey, 2007, 2008] . The lower peak height of the Q 4 final heating rate is largely due to the downward transport of O.
[15] The second major heat contributor is Q 6 , with the peak altitude remaining at the same height of 90 km for the initial and the final heating rates. Q 6 has the second largest enthalpy (À76.9 kcal mol À1 ) and is proportional to the product of [H] and [O 3 ]. The initial peak value is 3.64 K d À1 , and the final peak value is 5.08 K d
À1
, representing a $40% increase. The third major heat contributor is Q 5 , with an initial peak height at 90 km altitude and a peak value of 2.01 K d À1 . The final peak height remains at 90 km altitude, and the peak value is increased to 2.84 K d À1 ($41% increase). As for Q 1 , the initial peak value is 1.31 K d À1 and the final peak value is 1.83 K d À1 ($40% increase) while the peak height also remains at 90 km altitude. The rest of the heating rates (the initial and the final values) are either close to or less than 1 K d À1 .
[16] We plotted the initial and the final exothermic heating rates for each exothermic reaction for 18°N in Figures 5a  and 5b , respectively. Figure 5 shows features very similar to those shown in Figure 4 but with larger heating rates. Q 4 remains the largest heating rate followed by Q 6 , then Q 5 . The peak altitude for Q 4 lies a few kilometers above the peak altitudes for the rest of the heating rates. The initial peak altitude for Q 4 is at 100 km, and the final peak altitude is at 97 km at the end of the simulation. The peak value changes from 7.38 to 8.83 K d À1 , representing an $20% heating rate increase. Q 6 initially peaks at 92 km altitude with a value of 4.8 K d
À1 ; then it moves down to 91 km with a value of 6.79 K d À1 , indicating a $42% heating rate increase. The initial and final peak altitudes for Q 5 are the same as those for Q 6 . The initial peak value for Q 5 is 2.65 K d À1 , and the final peak value is 3.63 K d À1 , showing a 37% increase in the heating rate. The initial and the final peak values for Q 1 are 1.64 and 2.31 K d À1 , respectively, and it represents a $41% increase.
[17] The previous two figures show the individual heating rates. Next we show the initial and final total heating rates at 18°S in Figure 6a and at 18°N in Figure 6b . The black solid curve denotes the initial total heating rate, and the red dashed curve denotes the final total heating rate. From Figure 6 and Figure 6. Initial and final total heating rates Q total for (a) 18°S and (b) 18°N. The total heating rates at 18°N are larger than those at 18°S. The wave-like structure is apparent in the final heating rates.
Figures 4b and 5b, we can see wave-like structures in the final total heating rates at both latitudes. This is expected since these data are not the running average values and so they retain the wave signatures. The initial total heating rates display a single prominent peak at both latitudes while the final total heating rates display a double-peak-like feature that is due to the presence of the wave packet. The initial total heating rate at 18°S peaks at 92 km with a value of 9.26 K d À1 , and the final total heating rate peaks at 91 km with a value of 13.35 K d À1 . The initial total heating rate at 18°N peaks at a higher altitude at 96 km with a value of 13.08 K d
, while the final total heating rate peaks at two locations, $96 and 92 km, with roughly the same value of 17.12 K d À1 . Comparing the peak values of the initial and final heating rates, we see that the heating rates are increased by 4.09 K d À1 ($44%) at 18°S and 4.04 K d À1 ($31%) at 18°N by the end of the simulation. We note that the overall final total heating rates increase between 77 and 99 km and decrease above 99 km altitude when they are compared with the initial heating rate values for both latitudes. The percent change of Q total at 18°S is larger than that at 18°N mainly because the Q total changes are roughly the same for 18°S and 18°N but the initial value of Q total at 18°N is considerably greater than that at 18°S. The peak altitudes and magnitudes of the initial and final heating rates at 18°S and 18°N are tabulated in Tables 2 and 3 , respectively. We also include in the tables the heating rate percent changes and the altitude changes for easier inspection.
[18] Figures 4-6 show a direct comparison of the final heating rate values to the initial heating rate values. To find the average wave-induced variations in the exothermic heating rates, we use equation (1). Figures 7 and 8 show the vertical profiles of mean wave-induced heating rate variations for Q 1 through Q total at 18°S and 18°N, respectively. The largest mean wave-induced total exothermic heating rate Q total is 1.98 K d À1 at 88 km altitude at 18°S and 2.19 K d
at 89 km altitude at 18°N. Comparing these mean waveinduced heating rates with the initial heating rates at the same altitude shows that the wave packet can induce a mean 28.3% (24.4%) increase in the total exothermic heating rate at 18°S (at 18°N). The gravity wave packet induces larger heating rates in Q 4 and Q 6 followed by Q 5 and Q 1 for both latitudes. The peak value of the mean wave-induced heating rate for Q 4 is 0.81 (1.06) K d À1 and for Q 6 is 0.88 (0.95) K d À1 at 18°S (18°N). The peak values and the peak altitudes of the mean wave-induced heating rates are listed in Table 4 . Figures 7 and 8 also show that the overall effects of the gravity wave packet are to increase exothermic heating rates below 100 km (99 km) altitude for 18°S (18°N) and to decrease exothermic heating rates above that altitude. The largest decrease occurs at 105 km (104 km) altitude at 18°S (18°N) with a value of
, and the single largest decrease comes from the contribution of reaction R 4 , the three-body recombination. This result is not surprising since it is consistent with the depletion of atomic O at higher altitudes (e.g., downward flux of O to lower altitudes) and Q 4 is proportional to [O] 2 . These results show that the gravity wave packet not only modulates the distribution of gas concentrations but also causes rather significant variations in the heating rates and alters the vertical distribution of the heating region.
Discussion
[19] Hecht et al. [1995] reported an observation that showed a steep increase in OH airglow intensity without an appreciable increase in OH temperature. They suggested that the intensity enhancement might be caused by a nonperiodic change in atmospheric composition, specifically, a rapid wave-induced downward flux of ozone in the airglow layer. Our simulations of OH nightglow intensity and the intensityweighted temperature in the presence of a gravity wave packet (not shown) display a steep increase in the nightglow intensity without a noticeable change in the temperature. Our simulation results are very similar to what Hecht et al. observed. Our Figure 3 shows a steep increase in the O 3 , O, and OH* number densities, which seems to support the suggested mechanism by Hecht et al. The studies by Hickey and Walterscheid [2001] and Hickey [2007, 2008] have shown that it is the wave-induced downward flux of O in the airglow region that increases the atomic oxygen number density in the reactions that produce O 3 and OH* and that eventually leads to a steep increase in the airglow intensity. Their studies elucidate the role of the gravity wave packet in the airglow intensity variations and show that the ultimate driver for the increases is the gravity-wave-driven downward transport of O. The O 3 increase is a consequence of the combination of the enhanced O number density in chemical reactions and wave dynamics. Their studies also indicate that the onset of the airglow intensity increase occurs after the wave packet has passed the maximum amplitude by a few wave cycles. One of the results discussed by Huang and Hickey [2008] is that background diffusion and chemistry (the initial tendency) tends to cause a steep decline in OH nightglow intensity [see Huang and Hickey, 2008, Figure 7 ] until a steady state is reached. When an upward propagating gravity wave is present, the wave acts to increase the airglow intensity. Huang and Hickey [2008, Figure 4] shows the simulation result of the wave packet competing against the initial tendency. Their result seems to support the hypothesis that the steep declines in OH nightglow intensity are associated with weak gravity wave activity [Hecht and Walterscheid, 1991] . Not only that, their result is not in disagreement with the findings by Hostetler and Gardner [1994] since gravity waves have to be large enough to overcome the declines caused by the initial tendency. The observed steep increases or declines in the airglow intensity Figure 7 . The mean wave-induced exothermic heating rates for 18°S. The black curve with open circles denotes Q 1 , the blue curve with open triangles denotes Q 2 , the orange curve with open squares denotes Q 3 , the blue curve with solid diamonds denotes Q 4 , the green curve with solid circles denotes Q 5 , the red curve with solid triangles denotes Q 6 , the black curve with solid squares denotes Q 7 , and the orange solid curve denotes Q total . The mean wave-induced total heating rate peaks at 88 km with a value of 1.98 K d
À1
. Figure 8 . As in Figure 7 except for 18°N. The mean wave-induced total heating rate peaks at 89 km with a value of 2.19 K d À1 .
and other observed features can be quite accurately simulated by our 2-D nonlinear, time-dependent OH nightglow chemistry-dynamics model.
[20] From Table 1 , we can see that the OH nightglow chemiluminescence is determined in part by the number density of OH* (v = 8) in reaction R 8 . A larger number density of OH* (v = 8) leads to a larger OH nightglow intensity if it radiates faster than it reacts with O or other species. Although OH*(v = 8) also contributes to heating, e.g., Q 7 from reaction R 9 , we can see from Figures 4 and 5 that heating from Q 7 is very small (less than 2% of the total heating). If other higher vibrational modes were considered, the combined number densities of the OH in higher vibrational modes would be larger (reaction R 6 ), which would lead to more OH* (v > 0) available for chemiluminescence through reaction R 8 and fewer OH* to react with O to generate heat. Nevertheless, as mentioned above, the heat contribution from Q 7 is not significant. Our model considers one single vibrational mode, v = 8. Some might argue that our calculated heating rates might be an overestimate since other OH vibrational modes were not considered. As discussed by Mlynczak and Solomon [1993] , there is a large uncertainty in the heating efficiency associated with the H + O 3 reaction, and one of the uncertainties comes from not knowing the exact nascent distribution of exothermicity within the OH vibrational modes. Given the large uncertainty in the heating efficiency, a 0.6 is recommended for the H + O 3 reaction. In our model, we used the recommended heating efficiency, and hence our simulation results can be deemed reasonable.
[21] The initial and final exothermic heating rates and the mean wave-induced exothermic heating rates at 18°S and 18°N were presented. It is found that the wave packet has similar effects on the exothermic heating rates at both latitudes. Since the model uses the same wave packet for both latitudes, the only difference comes from the different initial profiles of gas species and temperatures (figures not shown). The initial profiles of N 2 and O 2 at 18°N are larger than those at 18°S while the initial temperature profiles in the region of interest show that the temperature at 18°N is smaller above 89 km and larger below that altitude than the temperature at 18°S. The larger major gas species concentrations combined with the temperature structure at 18°N gives rise to higher heating rates.
[22] We compare our current results with the earlier results of a 30 km wave packet at 82°N found by Hickey et al. [2003] . Since the only different inputs in both studies are the initial basic states, it is found that they share similar features. The initial H + O 3 heating rate peaks at 92 km altitude with a value of $3.5 K d À1 at 82°N, whereas at 18°N it peaks at the same altitude but with a larger value 4. ), and last by the value at 18°S (13.35 K d À1 ). The initial peak altitude occurs at a higher altitude of 96 km at 18°N followed by 94 km altitude at 82°N and then 92 km altitude at 18°S. The final peak altitude is displaced downward by 3 km at 82°N, and by 1 km at 18 S, while no change occurs at 18°N. The peak value of the mean wave-induced heating rate is 1.8 K d
À1 located $90 km altitude at 82°N. Our study shows that it is 1.98 K d À1 at 88 km altitude at 18°S and 2.19 K d À1 at 89 km altitude at 18°N. These comparisons seem to suggest that the H + O 3 heating rate, the total heating rate, and the mean waveinduced heating rate at 82°N are closer to those at 18°S, while the peak altitudes of the heating rates at 82°N lie somewhat in between the peak altitudes occurring at 18°N and 18°S.
[23] Previous steady state studies of gravity wave effects on exothermic heating rates show that gravity waves act to mitigate heating [Hickey and Walterscheid, 1994; Xu et al., 2000] . However, a recent study using a time-dependent, nonlinear OH chemistry-dynamics model shows that a dissipative, transient gravity wave packet can in fact induce a mean heating in the OH nightglow region and a mean cooling above the nightglow region [Hickey et al., 2003] . Their study was for a latitude of 82°N, and they focused on the mean wave-induced heating rates. We focus our study on the respective contribution of each exothermic reaction at lower latitudes and on the mean wave-induced variations in each heating rate. Our study also shows similar features: The wave packet induces enhanced chemical exothermic heating in the OH airglow region and diminishes chemical exothermic heating above it. Further, our study indicates that the major heat contributor is the three-body recombination followed by the H + O 3 reaction. These two reactions are also the two leading cooling reactions above $100 km.
[24] Mlynczak and Solomon [1991] calculated the H + O 3 heating rates and showed them in contour plots. Mlynczak and Solomon [1991, Figure 1] show the results using the collisional quenching rates taken from the sudden-death model of McDade and Llewellyn [1987] , and their Figure 2 shows the results using the collisional quenching rates taken from the single-quantum-step model of Lopez-Moreno et al. [1987] . From inspection of the contour plots of Mlynczak and Solomon [1991] our initial values to compare with their calculations since their calculations did not include dynamics and thus were based solely on chemistry. Exothermic heating rates, using an extended set of exothermic reactions assuming no chemiluminescent loss and no dynamics, were calculated by Mlynczak and Solomon [1993] . The first seven exothermic heating reactions appearing in the work by Mlynczak and Solomon [1993, Table 4 ] were identified to make the most significant contributions to the total heating rates. Mlynczak and Solomon [1993, Figure 12] show the nighttime heating rates, obtained by summing the heating rates of the first seven reactions, to be $8-9 K d À1 at 18°N and $ 13 K d À1 at 18°S. Again, since they did not include dynamics in their calculations, we use our initial values for comparison. We obtain values of $13 K d À1 at 18°N and $9 K d À1 at 18°S. We note that their value at 18°N is similar to our value at 18°S, and vice versa. The differences might result from the different chemical reactions considered in each study. We did not include the O + O 3 reaction in our study. However, as pointed out by Mlynczak and Solomon [1993] , the O + O 3 reaction is only a minor source of heat in the lower thermosphere. Our model included four additional reactions to allow for radiation loss and quenching by O, O 2 , and N 2 , which was not considered by Mlynczak and Solomon [1993] .
[25] In addition to causing irreversible changes in the chemical exothermic heating, gravity waves also cause irreversible dynamical heating that is directly due to the divergence of the wave-driven sensible heat flux [Walterscheid, 1981] . Hickey and Walterscheid [1994] compared the wave-driven exothermic heating with the dynamical heating and found that the latter exceeded the former by a factor of $20 near 85 km altitude for a 1 h, 140 m s À1 wave. We have calculated the dynamical heating for our 20 min, 25 m s À1 wave (not shown) and compared it with the wave-driven exothermic heating at an altitude of 90 km (which is the approximate height of maximum wave effects on the exothermic heating). We find that the dynamical heating rate is $0.05 K d À1 , which is significantly smaller than the wavedriven exothermic heating rate of $2.2 K d À1 (see Figure 8 ) at this height. However, the dynamical heating continues to grow with increasing altitude, reaching values of $1.5 and 11 K d À1 at altitudes of 100 and 105 km, respectively, which exceeds the wave-driven exothermic heating rates at these altitudes. Note that the wave we are studying is much slower than the wave of Hickey and Walterscheid [1994] , and the earlier study used a steady state model to evaluate the wave effects on the chemical exothermic heating while we have used a time-dependent model. Hence a direct comparison between these two model results should be made with caution.
Conclusions
[26] We investigate gravity wave effects on exothermic heating rates at 18°S and 18°N with a 2-D, time-dependent, nonlinear OH nightglow chemistry-dynamics model. Our simulation results show that the wave packet can induce the largest secular increase of $50% in O 3 , followed by O ($42%) and then OH (v = 8) ($29%) at the end of the simulation. These results indicate that significant secular variations in the gas species' number densities can be induced by a passage of a transient, dissipative gravity wave packet. With the large secular variations in the number densities, it is expected that there are large heating rate variations induced by the wave packet since the heating rates are proportional to the product of gas species' number densities. The waveinduced downward flux of O in the airglow region plays a significant role in the secular increases in the number densities and hence the heating rates. The increase of O in the airglow region increases the atomic oxygen number density in the reactions that produce O 3 and OH*, which eventually leads to a steep increase in the airglow intensity. The O 3 increase is a consequence of the combination of the enhanced O number density in chemical reactions and wave dynamics. These results elucidate the role of the gravity wave packet in the airglow intensity variations and show that the ultimate driver for the increases is the gravity-wave-driven downward transport of O. The largest heating of the exothermic chemical reactions is from the three-body recombination O + O + M, and the second largest is from the H + O 3 reaction. Exothermic heating is the single largest heat source in the OH nightglow region and with a dissipative gravity wave packet propagating through that region exothermic heating can be increased significantly. Further, the heating region can be altered and displaced downward. Our simulation results show that the wave packet overall acts to increase heating in the OH airglow region and to decrease the heating above the region.
The peak values and peak altitudes of the total mean waveinduced exothermic heating rates are 1.98 K d À1 (28.3%) at 88 km for 18°S and 2.19 K d À1 (24.4%) at 89 km for 18°N, respectively. Our simulation results show that gravity waves not only alter the vertical distribution of gas species' concentrations through combined effect of wave transport and chemistry but also induce significant variations in the exothermic heating rates in the MLT region.
